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 A review on the two-phase pressure drop characteristics in helically coiled tubes 1 
 2 
 3 
Abstract 4 
 5 
Due to their compact design, ease of manufacture and enhanced heat transfer and fluid mixing 6 
properties, helically coiled tubes are widely used in a variety of industries and applications. In 7 
fact, helical tubes are the most popular from the family of coiled tube heat exchangers. This 8 
review summarises and critically reviews the studies reported in the pertinent literature on the 9 
pressure drop characteristics of two-phase flow in helically coiled tubes. The main findings 10 
and correlations for the frictional two-phase pressure drops due to: steam-water flow boiling, 11 
R-134a evaporation and condensation, air-water two-phase flow and nanofluid flows are 12 
reviewed. Therefore, the purpose of this study is to provide researchers in academia and 13 
industry with a practical summary of the relevant correlations and supporting theory for the 14 
calculation of the two-phase pressure drop in helically coiled tubes. A significant scope for 15 
further research was also identified in the fields of: air-water bubbly flow and nanofluid two 16 
phase and three-phase flows in helically coiled tubes.  17 
 18 
Keywords: Two-phase flow; curved tubes; frictional pressure drop; flow boiling; nanofluids 19 
 20 
1. Introduction  21 
 22 
Due to their compact design, ease of manufacture and high efficiency in heat and mass 23 
transfer, helically coiled tubes are widely used in a number of industries and processes such as 24 
in the food, nuclear, aerospace and power generation industries and in heat recovery, 25 
refrigeration, space heating and air-conditioning processes. Due to the formation of a secondary 26 
flow, which inherently enhances the mixing of the fluid, helically coiled tube heat exchangers 27 
are known to yield improved heat transfer characteristics when compared to straight tube heat 28 
exchangers. The secondary flow is perpendicular to the axial fluid direction and reduces the 29 
thickness of the thermal boundary layer. Goering et al. [1] estimated the secondary flow to 30 
account for circa 16-20% of the mean fluid flow velocity. This phenomenon finds its origins 31 
in the centrifugal force due to the curvature of the coil structure and is more evident with 32 
laminar flow due to the limited fluid mixing in straight tube laminar flow [2,3]. However, for 33 
single and two-phase flows, the secondary flow could also result in an undesirable increase in 34 
the frictional pressure drop over that of straight tubes. For air-water two-phase flow in helically 35 
coiled tubes, Akagawa et al. [4] reported frictional pressure drops in the range of 1.1 to 1.5 36 
times greater than those in straight tubes, ceteris paribus. Therefore, the performance of helical 37 
coils is also a function of the geometry and design parameters such as the tube diameter and 38 
the pitch (Fig. 1) as well as the resultant pressure drop. Through their study on the investigation 39 
of the heat transfer characteristics with the addition of multi-walled carbon nanotubes 40 
nanoparticles to oil, Fakoor-Pakdaman et al. [5] reported their results in terms of the 41 
Performance Index (PI), given in Eq. (1). This captures the simultaneous effects of heat transfer 42 
and two-phase pressure drop with the use of nanofluids and helical tubes on the overall 43 
performance of the heat exchanger. When the performance index is greater than unity, the PI 44 
implies that the benefits gained through enhanced heat transfer coefficients outweigh the 45 
effects of larger pressure drops as a result of the nanoparticles and helical tubes.  46 
 47 ߟ = ℎ∗ℎೞ೟Δ�∗Δ�ೞ೟            (1) 48 
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 49 
where h* is the mean heat transfer coefficient after the application of enhancement techniques, 50 
hst is the mean heat transfer coefficient in a straight tube with the base fluid only,  ΔP* is the 51 
mean pressure drop after the application of enhancement techniques and ΔPst  is the mean 52 
pressure drop inside a straight tube with the base fluid only. 53 
 54 
 55 
 56 
Figure 1: Schematic representation of helical pipe characteristics 57 
The pertinent literature, presents a considerable number of widely cited studies on the 58 
pressure drop for single-phase flow in helically coiled tubes [6,7]. A lesser number of studies 59 
have investigated the two-phase pressure drop characteristics in helically coiled tubes. Whilst 60 
being more relevant to real-life engineering systems, when compared to single-phase flow, 61 
two-phase flow is significantly more complex due to the combination of the three forces 62 
governing the flow regime, these being the: inertia, liquid gravity and centrifugal forces [8]. 63 
Numerous studies investigated the two-phase frictional pressure drop with steam-water flow 64 
boiling [9,10], R-134a refrigerant flows [11,12] and air-water flows [4] whilst more recently, 65 
a number of authors investigated the application of nanofluids [13,14] in helically coiled tubes 66 
through experimental and computational studies. Mandal and Das [15] and Murai et al. [16] 67 
reported that the phase with the lower density is subjected to a smaller centrifugal force which 68 
forces the lighter phase to shift towards the inner side of the coil’s wall. However, Saffari et al. 69 
[17] reported that for bubbly flows at elevated Reynolds numbers and characterised by small 70 
bubble diameters (b<0.5mm), the enhanced fluid mixing could result in a quasi-homogenous 71 
distribution of the secondary phase. This draws an analogy to similar investigations with 72 
nanofluids where no significant phase separation was reported [18].  73 
A recent development in the field of bubbly air-water two-phase flow has resulted in 74 
the injection of microbubbles in the flow to achieve a reduction in the system frictional pressure 75 
drop. Hitherto, this research has focused on the injection of air bubbles over flat plates and in 76 
straight tubes with a minimal consideration for the investigation of the pressure drop reduction 77 
in coiled tubes.  When investigating the drag reduction inside a channel Nouri et al. [19] 78 
reported that bubble injection can be used to decrease the flow transfer costs. In fact, they 79 
reported a 35% reduction in the pressure drop in turbulent upward pipe flow with the maximum 80 
experimental volumetric void fraction of 9%. This is attributed to the congregation of the larger 81 
bubbles at the pipe wall. To the best of the authors’ knowledge, the sole investigation with 82 
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coiled tubes was done by Saffari et al. [17] who reported an increase in the magnitude of drag 83 
reduction with increasing volumetric void fraction and decreasing Reynolds and Dean 84 
Numbers. These conclusions contrast to the findings reported by the majority of investigations 85 
on air-water bubbly flows, where two-phase pressure drop multipliers in excess of unity were 86 
reported [20, 8]. The pertinent literature also presents some controversy through conflicting 87 
results on the impact of nanoparticles on the frictional pressure drop in helically coiled tubes. 88 
In fact, whereas the majority of investigations reported a rise in the pressure drop with the 89 
particle concentration [21, 22], some investigations concluded that the opposite effect could 90 
occur [23].  91 
Naphon and Wongwises [24] briefly reviewed the single and two-phase flow and 92 
pressure drop characteristics in curved tubes. However¸ their review was principally focused 93 
on the single-phase flow characteristics and hence they failed to adequately review the pertinent 94 
literature for two-phase flow. Therefore, to the best of the authors’ knowledge the open 95 
literature does not present comprehensive reviews on the pressure drop characteristics of two-96 
phase flow in helically coiled tube heat exchangers. The current study will therefore present a 97 
review of the pertinent literature on the two-phase frictional pressure drop characteristics and 98 
correlations in helically coiled tubes. It is the authors’ hope that this review will be useful to 99 
both academics and industry based engineers through the provision of a comprehensive report 100 
on the relevant current knowledge and controversies in literature. The present study will also 101 
identify areas for further research.  102 
 103 
1.1 Research Methods  104 
 105 
Experimental and numerical methods were used to investigate the pressure drop characteristics 106 
in helically coiled tubes. Fig. 2 presents a schematic diagram of the test facility developed by 107 
Guo et al. [25] and Cioncolini et al. [26] for the investigation of the steam-water flow boiling 108 
pressure drop in helically coiled tubes at varying operating system parameters such as  109 
 110 
 111 
   Test Rig      Test Section 112 
 113 
Figure 2: Schematic diagram of the typical experimental test rig for the investigation of the flow boiling 114 
two-phase pressure drop in helically coiled tubes (Guo et al. (2001b) [25] Fig. 1) and the typical test section 115 
(Cioncolini et al. [26], Fig. 2) 116 
 117 
the pressure, heat and mass fluxes. This setup is typical for most experimental studies in this 118 
field of study. An experimental uncertainty of 2.5% was reported by Cioncolini et al. for their 119 
two-phase pressure drop measurements. 120 
As illustrated in Fig. 2, the typical experimental setup for the investigation of the flow 121 
boiling two-phase pressure drop characteristics in helically coiled tubes included a centrifugal 122 
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pump for maintaining the system mass flow rate. Before entering the test section, the working 123 
fluid was heated to a subcooled state through the use of the pre-heater. The system bulk fluid 124 
flow rates were typically controlled by the system circulation pump. Stainless steel [25,27, 28] 125 
was used for the test section, which was thermally insulated to minimise the heat losses to the 126 
environment. The majority of the studies reviewed in this paper used the electrical direct 127 
heating method to heat the test section whilst, armoured K-type thermocouples were typically 128 
used to measure the bulk fluid temperature along the test section. K-type thermocouples, 129 
welded to the outside surface of the tube, were also used to measure the tube’s wall temperature. 130 
These thermocouples were electrically insulated in order to avoid the effects of the heating 131 
electrical currents on it.  Pressure sensors, installed at the return and flow ends of the helically 132 
coiled tube, measured the total two-phase pressure drop whilst a water cooled condenser 133 
condensed the steam or refrigerant vapour after the test section. The signals from the various 134 
measuring sensors were channelled to a data acquisition system for data monitoring and 135 
processing purposes.  136 
All the numerical investigations reviewed in the current study were developed through 137 
the use of a commercially available computational fluid dynamics package, namely ANSYS 138 
Fluent [22, 29]. The majority of authors validated their experimental and numerical methods 139 
through the comparison of the single-phase frictional pressure drop data with widely cited 140 
single-phase correlations for helically coiled tubes, such as those given by Ito [30] and Mishra 141 
and Gupta [31].  142 
 143 
2.  Flow boiling heat transfer coefficient  144 
 145 
2.1. Steam and Water  146 
 147 
A number of correlations are presented in the open literature for the calculation of the flow 148 
boiling pressure drop multiplier in helically coiled tubes for a wide range of system parameters. 149 
The reviewed correlations are summarised in Table 1 according to the key parameters 150 
governing their applications. The total two-phase pressure drop can be broken down into three 151 
component pressure drops these being the frictional, gravitational and the momentum pressure 152 
drops (Eqs.2-5) [32]. Many researchers have presented the two-phase frictional pressure drop 153 
as a function of the pressure drop multiplier and the single-phase frictional pressure drop as 154 
given in Eq. (3).  155 
 156 Δ ௧ܲ௢௧௔௟,்௉ = Δ ௙ܲ,்௉ +  Δ ௚ܲ௥௔௩ + Δ ௔ܲ௖௖         (2) 157 
 158 Δ ௙ܲ,்௉ = Δ ௟ܲ∅௟ଶ           (3) 159 
 160 
where Δ ௙ܲ,்௉ is the two-phase flow frictional pressure drop of helical coils, and Δ ௟ܲ is the 161 
frictional pressure drop of the single-phase fluid flowing through the tube with the assumption 162 
that only liquid flows through the tube. Many authors have used the single-phase friction factor 163 
numerical model given by Ito [6] to calculate the latter pressure drop.  164 
 165 Δ ௚ܲ௥௔௩ = [ ௚ு௫೐��೟−௫���೐೟] [௟௡ቆଵ+௫( ���೒−ଵ)ቇ( భ�೒− భ��) ]௘௫௜௧ − [ ௚ு௫೐��೟−௫���೐೟] [௟௡ቆଵ+௫(
���೒−ଵ)ቇ( భ�೒− భ��) ]௜௡    (4) 166 
 167 Δ ௔ܲ௖௖,்௉ = ܩଶ {[ଵ−௫ఘ� + ௫ఘ೒]௘௫௜௧ − [ଵ−௫ఘ� + ௫ఘ�]௜௡}       (5) 168 
 169 
5 
 
 There appears to be a general agreement amongst the pertinent studies reviewed that 170 
the two-phase flow boiling frictional pressure drop increases with the vapour quality and mass 171 
flux whilst it decreases with higher system pressures. The curvature ratio does not appear to 172 
have a significant influence on the two-phase flow boiling frictional pressure drop multiplier 173 
whilst there is some controversy surrounding the influence of the coil orientation and heat flux. 174 
Over the past 50 years, the application of numerical models to predict the flow boiling frictional 175 
pressure drop in coiled tubes has highlighted the general difficulty in predicting the flow 176 
characteristics of two-phase flow. Therefore, many authors have presented their own empirical 177 
or semi-empirical models, or correlated existing models to fit their experimental data. The 178 
earliest investigations on the flow boiling frictional pressure drop in helically coiled tubes [10, 179 
28, 33] correlated the experimental data with well-known numerical models for the two-phase 180 
frictional pressure drop multiplier for straight tubes as given by Lockhart and Martinelli [34], 181 
Martinelli and Nelson [35] and Chen [36]. The latter are typically a function of the Lockhart 182 
and Martinelli parameter, which, in turn, is a function of the vapour quality and the densities 183 
and viscosities of the liquid and gas phases. 184 
 Kozeki et al. [28] reported that at the flow boiling region, the frictional pressure drop 185 
was circa 70 percent larger than that predicted by the Martinelli and Nelson numerical model 186 
for two-phase flow in straight tubes. The higher frictional pressure drop was attributed to the 187 
secondary flow phenomenon in the vapour core region where the largest influence was 188 
recorded at low pressures and high Reynolds numbers. Such results are in agreement with more 189 
recent studies reported by Guo et al. [37] and Santini et al. [38] who concluded that the 190 
frictional pressure drop decreases with higher system pressures (Fig.3). This is due to the 191 
resultant lower specific volume which in turn yields a lower mixture velocity.  Nariai et al. [10] 192 
also reported that the effects of the flow boiling phenomena on the frictional pressure drop are 193 
not distinct in the fluid conditions. 194 
 The influence of the vapour quality on the frictional pressure drop does not appear to 195 
be uniform over the complete vapour quality range. Guo et al. [37] and Zhao et al. [27] reported 196 
that at vapour qualities below 0.3, the frictional pressure drop increased significantly with the 197 
vapour quality whilst at higher qualities this increase was less significant. Santini et al. also 198 
reported that the increase in the frictional pressure drop stopped at a vapour quality of 0.8 and 199 
subsequently decreased as the quality approached unity. They attributed this phenomenon to 200 
the annular flow regime where the liquid film becomes too thin to maintain the interface waves. 201 
No other authors have reported similar results for helically coiled tubes and therefore, the latter 202 
results can be classified as indeterminate and hence, present ample scope for further 203 
investigations.  204 
 Bi et al. [32] and Zhao et al. [27] are the sole authors to report that the heat flux does 205 
not have a significant impact on the frictional pressure drop. However, more recently, 206 
Cioncolini et al. [26] reported that the heating effects resulted in an influence on the frictional 207 
pressure drop and hence, their correlation for the frictional pressure drop multiplier is also a 208 
function of the system heat flux. They attributed this influence to the interface between the 209 
liquid film and the vapour core being dependent on the evaporation and nucleation processes. 210 
 Bi et al. [32] and Guo et al. [37] are the sole authors who investigated the flow boiling 211 
frictional pressure drop as a function of the coil orientation. However, whilst the former 212 
reported that the coil orientation had no significant impact on the two-phase frictional pressure 213 
drop, the latter reported distinctly different results. Guo et al. reported that the horizontal coils 214 
resulted in the smallest frictional pressure drop whilst the 45 degree, downwards inclined coils 215 
resulted in the largest measured pressure drop (70% higher than that measured for the 216 
horizontal orientation). The frictional pressure drop for the vertical coil was between that 217 
measured for the horizontal and the inclined orientations. Guo et al. attributed these results to 218 
the variation in the secondary flow regime with the tube orientation. The authors of the present 219 
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study cannot adequately address the differences in these two results as the system parameters 220 
for both studies were distinctly similar. However, drawing on the conclusions reported by 221 
Santini et al. [38] regarding the influence of the system pressure on the pressure drop, the 222 
significantly higher system pressure used in Bi et al.’s investigation could suggest that at high 223 
system pressures, the flow boiling frictional pressure drop is quasi-independent of the coil 224 
orientation.  225 
 226 
 227 
Figure 3: Experimental and predicted (Equation for ΔPf,TP in Table 1) two-phase flow frictional pressure 228 
drop with system pressure and vapour quality at a constant mass flux of 600kg/m2s (Santini et al. [38], Fig. 229 
7) 230 
 231 
Correlations derived from the widely used two-phase flow pressure drop correlations for straight tubes 
(P<3.5MPa & d≥12mm) 
 
 
Authors 
Helical coil 
design 
parameters 
Principal 
experimental 
parameters 
Steam 
quality 
 
Main conclusions, proposed correlation and 
mean error 
Owhadi et 
al. (1968) 
[33] 
 
15.9mm OD 
12.5mm ID 
250<D<527 
 
Vertical 
0.024<į<0.05 
P=0.1MPa 
60<q< 256 
0.0097<݉̇<0.039 
80<G<315  
 
0.5<x<1 Data has resulted in a considerable scatter. In 
general, it agreed with the Lockhart and Martinelli 
[34] equation for a straight tubes 
 �௟,௧௧ଶ = ͳ + ஼�೟೟ + ଵ�೟೟మ    
where C is a constant dependent on the gas and 
liquid Reynolds numbers 
 ߯௧௧ = (ͳ − ݔݔ )଴.ଽ (ߩ௚ߩ௟ )଴.ହ ቆ�௟�௚ቇ଴.ଵ 
 
 
Kozeki  
(1970) 
[28] 
21.7mm OD 
628<D<682m
m 
 
0.032<į<0.035  
0.5<P<2.1MPa 
151<q<348 
161<G<486 
0<x<1 Pressure drop is greater than that for a straight tube 
and it increases with vapour quality and mass flux..  
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Vertical  Numerical model based on the Martinelli and 
Nelson prediction for two-phase flow in straight 
tubes 
 �௚,௧௧ଶ = Ͳ.ͺͻͷ + ሺ߯௧௧ + Ͳ.Ͳ͹͸ሻ଴.଼଻ହ + ͳ.ʹͳ∗ ͳͲ−଴.ଷଷସሺ௟௢௚�೟೟+଴.଺଺଼ሻమ  
 
where: �௟௧௧ = �௚,௧௧߯௧௧଴.଼଻ହ 
 
Nariai et 
al. (1982)  
[10] 
14.3&20mm 
ID 
D=595mm 
 
Vertical 
0.024<į<0.034  
2<P<3.5MPa 
0.7E5<q<1.8E5 
150<ܩ<850 
0.1<x<0.9 
 
Pressure drop increases with mass flux and vapour 
quality.  
Martinelli and Nelson [35] prediction for straight 
tubes: 
 ∆ ௙ܲ,்௉ = ܴெேΔ ௟ܲ 
 ܴெே = ሺͳ − ݔሻଵ.଻ହ�௟,௧௧ଶ = �௟ଶሺܲ, ݔሻ 
 
Experimental values for �௟ଶwere given in table as a 
function of the system pressure, P  and quality, x. 
 
Kozeki [28] prediction (better fit) 
 �௚,௧௧ଶ = Ͳ.ͺͻͷ + ሺ߯௧௧ + Ͳ.Ͳ͹͸ሻ଴.଼଻ହ + ͳ.ʹͳ∗ ͳͲ−଴.ଷଷସሺ௟௢௚�೟೟+଴.଺଺଼ሻమ  
where: �௟௧௧ = �௚,௧௧߯௧௧௚,௧௧ 
 
(30%) 
Guo et al. 
(2001)  
 [37] 
10&11mm ID 
D=132&256 
mm 
 
Horizontal/Ve
rtical and 
Inclined 
0.043<į<0.076 
3<P<3.5MPa 
0<q<540 
150<ܩ<1760 
-0.01<x<1.2 
 
The coil orientation has a significant influence on 
the frictional pressure drop. Pressure drop is also a 
function of the system pressure and mass quality. 
 
Based on Chen’s [36] correlation for straight tubes: 
 �௟ଶ = ߰ଵ߰ [ͳ + ݔ ቆߩ௟ߩ௚ − ͳቇ] 
where: 
for G≤1000 ߰ = ͳ + ݔሺͳ − ݔሻ ቀͳͲͲͲܩ − ͳቁ (ߩ௟ߩ௚)ͳ + ݔ (ߩ௟ߩ௚ − ͳ)  
for G>1000 ߰ = ͳ + ݔሺͳ − ݔሻ ቀͳͲͲͲܩ − ͳቁ (ߩ௟ߩ௚)ͳ + ሺͳ − ݔሻ (ߩ௟ߩ௚ − ͳ)  ߰ଵ = ͳͶʹ.ʹ ( ܲ௖ܲ௥௜௧)଴.଺ଶ ߜଵ.଴ସ 
 
 (±12%) 
Correlations for high system pressures based (P>3.5MPa) 
 
Ruffell  
(1974) 
 [39] 
10.7<ID<18.6
mm  
 
0.0054<į<0.16 
6<P<18MPa 
41<q<731 
300G<1800 
 
0<x<1 
 
�௟ଶ = ሺͳ + ܨሻ �௠�௟  
where: ܨ = sin ቀଵ.ଵ଺ீଵ଴଴଴ ቁ {Ͳ.ͺ͹ͷ − Ͳ.͵ͳͶݕ − ଴.଻ସீଵ଴଴଴ ሺͲ.ͳͷʹ −Ͳ.Ͳ͹ݕሻ − ݔ ቀ଴.ଵହହீଵ଴଴଴ + Ͳ.͹ − Ͳ.ͳͻݕቁ} {ͳ − ͳʹሺݔ −Ͳ.͵ሻሺݔ − Ͳ.Ͷሻሺݔ − Ͳ.ͷሻሺݔ − Ͳ.͸ሻ}  
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 ݕ = ܦͳͲͲ݀ 
 
Unal et al.  
(1981) 
 [40] 
18 mm ID 
700&1500mm
=D 
 
Vertical 
 
0.0054<į<0.022 
14.7<P<20.2MPa 
41<q<731 
112<G<1829 
 
0.08<x<1 
 
∆ ௙ܲ,்௉ = ʹሺͳ + ܾଵܾଶሻ ௟݂ܩଶ݀ߩ௟  
where: 
 ܾଵ = ͵ͺͷͲݔ଴.଴ଵܲݎ−ଵ.ହଵହܴ݁௟−଴.଻ହ଼ 
 ܾଶ = ͳ + ܴ݁௟଴.ଵሺ͵.͸͹ − ͵.ͲͶ ௕ܲሻሺሺ−଴.଴ଵସ�−భሻ−ሺଶ�−భሻሻ 
where; ௕ܲ = ܲ௖ܲ௥௜௧ 
 ௟݂ = Ͳ.Ͳ͹͸ܴ݁−଴.ଶହ + Ͳ.ͲͲ͹ʹͷߜ଴.ହ   [6] 
 
(±20%) 
Chen and 
Zhou  
(1981) 
 [41] 
18 mm ID 
235, 446,907 
mm=D 
 
Vertical 
 
0.02<į<0.076 
4.2<P<22MPa 
400<G<2000 
 
0<x<1 
 
∆ ௙ܲ,்௉ = �∆ ௦ܲ௧ 
where: 
 � = ʹ.Ͳ͸ߜ଴.଴ହ்ܴ݁௉−଴.଴ଶହ [ͳ + ܸܨ ቀఘ೒ఘ� − ͳቁ]଴.଼ [ͳ +ݔ (ఘ�ఘ೒ − ͳ)]ଵ.଼ [ͳ + ܸܨ ቀ�೒�� − ͳቁ]଴.ଶ  
 
Santini et 
al. (2008)  
[38] 
12.53 mm ID 
D=1000mm 
 
Vertical 
į=0.019  
1.1<P<6.3MPa 
50<q<200 
192<ܩ<824 
 
0<x<1 Frictional pressure drop increases with the vapour 
quality and mass flux whilst it decreases with the 
system pressure. 
 ∆ ௙ܲ,்௉ = ܭ ቆܩଵ.ଽଵ�௠݀ଵ.ଶ ቇ Δݖ 
where: 
 ܭሺݔሻ = −Ͳ.Ͳ͵͹͵ݔଷ + Ͳ.Ͳ͵ͺ͹ݔଶ − Ͳ.ͲͲͶ͹ͻݔ+ Ͳ.ͲͳͲͺ 
 
 (RMS = 6.2) 
Correlations for large tube diameters (d≥12mm) 
 
Guo et al. 
(1994) 
[42] 
20 mm ID 
240, 480,960 
mm=D 
 
Horizontal 
 
0.021<į<0.083 
1.5 <P<3MPa 
150<G<1400 
 
0<x<0.8 
 
 
 ∅௟ଶ = ͳ + ሺͶ.ʹͷ − ʹ.ͷͷݔଵ.ହሻܩ଴.ଷସ  
Correlations for small tube and helix diameters (d<12mm) 
 
Kubair 
(1986) 
[43] 
6.4&6.5mm 
ID 
110<D<177 
Laminar & 
Turbulent 
 
Vertical 
 
0.037<į<0.056  
8<P<16kPa 
6<q<80 
0.0028<݉̇<0.016 
1300<Re<5200 
0.2<x<0.8 Frictional pressure drop is larger than that for 
straight tubes.  
 
No correlation provided. 
Bi et al. 
(1994) 
 [32]  
 10&12mm ID 
D=115mm 
 
 
Horizontal& 
Vertical 
 
0.087< į <0.104 
4<P<14MPa 
0<q<750 
400<G<2000 
 
0<x<1 
 
Coil orientation has no significant effect on the two-
phase frictional pressure drop. The two-phase 
frictional pressure drop was not influenced by the 
conditions of the thermodynamic system i.e. 
adiabatic or electrically heated tubes.  
 �௟ଶ = ͳ + [ߩ௟ߩ௚ − ͳ] [ܥ + ݔଶ] 
where: 
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 ܥ = Ͳ.ͳͶ͸ͻͳݔଵ.ଷଶଽ଻ሺͳ − ݔሻ଴.ହଽ଼଼ସߜ−ଵ.ଶ଼଺ସ 
 
(±15%) 
Ju et al. 
(2001) 
[44] 
18mm OD 
D=112mm 
Turbulent 
 
 
 
 
 
į =0.161  
P=3MPa 
2500<Re 
<23000 
 
0<x<1 
 
Δ ௙ܲ,்௉ = ݂ (݀ܮ) ቆߩܸଶʹ ቇ [ͳ + ݔ ቆ ߩ′ሺߩ′′ − ͳሻቇ] ߰ 
 
where: ߰ = ሺͳ.ʹͻ + ܣ௡ݔ௡ሻ [ͳ + ݔ (ቆ�′′�′ ቇ଴.ଶହ − ͳ)] 
A1=2.19, A2=-3.61, A3=7.35, A4=-5.93 
Zhao et al. 
(2003) 
[27] 
9mm ID 
D=292mm 
Laminar 
 
Horizontal 
 
į=0.031  
0.5<P<3.5 MPa 
0<q<900 
236<G<943 
10000<Re 
<80000 
0.1<x<0.2 
 
Frictional pressure drop is a function of the mass 
flux, vapour quality and the system pressure.  
Heat flux has no effect on the pressure drop. �௟ଶ = ͳ + [ߩ௟ߩ௚ − ͳ] [Ͳ.͵Ͳ͵ݔଵ.଺ଷሺͳ− ݔሻ଴.଼଼ହܴ݁௟଴.ଶ଼ଶ + ݔଶ] 
 
 (±12%) 
Cioncolini 
et al. 
(2008) 
[26] 
4.03&4.98mm 
ID 
130<D<376 
Turbulent 
 
Vertical 
 
Saturated flow 
boiling 
 
 
 
 
0.011<į <0.038  
120<P<660kPa 
50<q<440 
290<G<690 
10000<Re 
<60000 
2<Fr<14 
0<x<0.9 
 
Minimal effect of the coil curvature on the 
frictional pressure drop. 
Lockhart and Martinelli correlation for straight 
tubes corrected for heating effects [45]: 
 �௟ଶ = [ͳ + ߯ܥ௧௧ + ͳ߯௧௧ଶ ] [ͳ + Ͳ.ͲͲͶͶ ቀݍܩቁ଴.଻] 
 
(16.7%) 
 
Zhao et al. [27] 
 �௟ଶ = ͳ + [ߩ௟ߩ௚ − ͳ] [Ͳ.͵Ͳ͵ݔଵ.଺ଷሺͳ− ݔሻ଴.଼଼ହܴ݁௟଴.ଶ଼ଶ + ݔଶ] 
 
(16.3%) 
Table 1: Review of the experimental studies on the flow boiling frictional pressure drop characteristics of 232 
steam-water in helically coiled tubes 233 
 234 
2.2. R-134a  235 
 236 
The pressure drop characteristics and relevant correlations for flow boiling and condensation 237 
of R-134a in helically coiled tube heat exchangers are summarised in Table 2. In contrast to 238 
the conclusions made by a number of investigations on steam and water flow boiling, the 239 
curvature ratio appears to have some impact on the resultant frictional pressure drop for R-240 
134a flow in non-miniature helically coiled tubes. The pertinent investigations have also 241 
concluded that the frictional pressure drop increases with higher vapour qualities and 242 
refrigerant mass fluxes, whilst the tube orientation has no significant impact on the pressure 243 
drop. The total two-phase pressure drop for the flow boiling of R-134a in micro-finned helically 244 
coiled tubes is given in Eq. (6) [46] whilst the two-phase frictional pressure drop was calculated 245 
through the use of the pressure drop multiplier as in Eq. (3). 246 
 247 Δ ௧ܲ௢௧௔௟,்௉ = Δ ௙ܲ,்௉ +  Δ ௚ܲ௥௔௩ + Δ ௠ܲ௢௠,்௉        (6) 248 
 249 
where:  250 
 251 Δ ௚ܲ௥௔௩ = ݃ߩ௟�ܽ݊�ሺͳ − ܸܨሻ         (7) 252 
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 253 Δ ௠ܲ௢௠,்௉ = ܩଶ {[ ሺଵ−௫ሻమఘ�ሺଵ−�ிሻ + ௫మఘ��ி]௢௨௧ − [ ሺଵ−௫ሻమఘ�ሺଵ−�ிሻ + ௫మఘ��ி]௜௡}      (8) 254 
 255 
Aria et al. [47]: 256 
 257 ܸܨ = ௫ఘ� [(ͳ + Ͳ.ͳʹሺͳ − ݔሻ) ቀ ௫ఘ� + ଵ−௫ఘ� ቁ + ଵ.ଵ଼ሺଵ−௫ሻ[௚�ሺఘ�−ఘ�ሻ]బ.మఱீమఘ�బ.ఱ ]−ଵ     (9) 258 
 259 
Cui et al. [46] 260 
 261 ܸܨ = ଵଵ+଴.ସଽ�೟೟బ.ఴబయల                      (10) 262 
 263 
Elsayed et al. [48]  264 
 265 ܸܨ = ଵ[ଵ+଴.଻ଽቀሺభ−�ሻ� ቁబ.ళఴ(���� )బ.ఱఴ]                     (11) 266 
 267 
Wongwises and Polsongkram [49]  268 
 269 ܸܨ = ଵଵ+ௌቀభ−�� ቁ����                          (12) 270 
 271 
Laohalertdecha and Wongwises [50]  272 
 273 ܸܨ = [ͳ + ሺଵ−௫ሻ௫ ቀఘ�ఘ�ቁଶ/ଷ]−ଵ                     (13) 274 
 275 
 The numerical models for the R-134a refrigerant frictional pressure drop in vertical 276 
helically coiled tubes as reported in the pertinent studies are a function of the Lockhart and 277 
Martinelli parameter, whilst the sole correlation for horizontal tubes is based on a numerical 278 
model by Kim et al. [51] for R-22 flow in coiled tubes. There is a general agreement that the 279 
higher mass fluxes and the vapour qualities increase the frictional pressure drop. These results 280 
are attributed to the higher vapour velocities which increase the shear stress at the interface of 281 
the vapour and the liquid. Furthermore, higher vapour qualities result in increased magnitudes 282 
of secondary flow which will result in higher degrees of entrainment and droplet redeposition, 283 
thus yielding greater flow turbulences [49]. Moreover, Lin and Ebadian [52] reported that when 284 
compared to the flow in the inner tube, the effects of the mass flux on the pressure drop were 285 
more significant in the annular section of the coil. These findings were attributed to the larger 286 
velocity and turbulence fluctuations of the refrigerant flowing in the annular section. 287 
 The effects of the coil geometry on the two-phase refrigerant frictional pressure drop 288 
were investigated by Scott Downing and Kojasoy [53] and Elsayed et al. [48]. For miniature 289 
diameter tubes, Downing and Kojasoy reported that when compared to single-phase flow, the 290 
curvature effects had a minimal impact on the frictional pressure drop. However, for small 291 
diameter tubes, Elsayed et al. reported that the frictional pressure drop is mainly a function of 292 
the tube diameter, with the pressure drop increasing with smaller tube diameters. The effect of 293 
the coil diameter was reported to be less significant. Elsayed et al. focused their study on the 294 
heat transfer characteristics and hence failed to provide a comprehensive analysis of their 295 
reported results.  296 
 When investigating the frictional pressure drop as a function of the heat flux, 297 
Wongwises and Polsongkram [54] reported that the heat flux had a minimal effect on the 298 
condensation frictional pressure drop. However, the evaporation frictional pressure drop was 299 
11 
 
reported to be a strong function of the heat flux [49]. This was attributed to the increase in the 300 
number of active nucleation sites on the tube wall which yielded higher bubble generation rates. 301 
The latter agitated the liquid film thus increasing the turbulence. Furthermore, the breaking of 302 
the bubbles at the liquid film surface induced the entrainment and redeposition of droplets 303 
which increased the shear stress. Kang et al. [11] and Wongwises and Polsongkram [49, 54] 304 
reported a decrease in the frictional pressure drop with higher wall temperatures. These results 305 
were attributed to the lower refrigerant viscosity and specific volume, which in turn resulted in 306 
a lower vapour velocity and shear stress between the vapour and liquid interface.  307 
 The sole study that investigated the frictional pressure drop of R-134a as a function of 308 
the coil orientation was reported by Lin and Ebadian [52] who concluded that the coil 309 
orientation resulted in an insignificant impact on the frictional pressure drop. The applications 310 
of micro-finned or corrugated helically coiled tubes were investigated by Cui et al. [46] and 311 
Laohalertdecha and Wongwises [50]. Both investigations reported correlations for the pressure 312 
drop multiplier based on the Lockhart and Martinelli numerical model for straight tubes. 313 
Moreover, both authors reported a significant increase in the frictional pressure drop (up to 314 
70%) over that of a smooth tube. Laohalertdecha and Wongwises attributed these results to the 315 
increased drag forces, the flow blockage due to the reduction in the tube cross-sectional area, 316 
the turbulence augmentation and the enhanced rotational flow reduction. The impact of the 317 
vapour quality and mass flux on the frictional pressure drop was similar to that reported for 318 
smooth tubes. 319 
 320 
 
Authors 
Helical coil design 
parameters 
Principal 
experimental 
parameters 
Quality Main conclusions, proposed correlation and 
mean error 
Miniature (dit<1mm) 
Scott 
Downin
g and 
Kojasoy 
(2002)  
[53] 
234<ID<881μm 
2.80<D<7.94mm 
 
 
0.075<įit<0.3 
0.62<P<1.4M
Pa 
0<q<25 
750<ܩ<6330 
500<Re<8000 
 
0<x<0.9 
 
Evaporation 
 Curvature effects have a minimal effect on the 
frictional pressure drop when compared to single-
phase flow.  
 �௟,௧௧ଶ = ͳ + ߯ܥ௧௧ + ͳ߯௧௧ଶ  
where; ܥ = ͵.ͷͻͺ ( ͳ߯௧௧)଴.଴ଵଶ 
(±15%) 
Vertical orientation & Smooth tubes 
 
Kang et 
al. 
(2000)  
[11] 
Tube-in-tube 
12.7mm IDit 
21.2mm IDot 
D=177.8mm 
Laminar & 
Turbulent 
 
 
įit=0.075 
100<ܩ<400 
T=330C 
1500<Re<900
0 
 
0<x<1 
 
Condensatio
n 
Very slow increase in the pressure drop with an 
increase in the mass flux. 
Pressure drop is a function of the cooling wall 
temperature, with a decrease in the pressure drop 
with an increase in the wall temperature. 
 For ௪ܶ௔௟௟ = ͳʹ℃,   ∆்ܲ௉ = ͳͶ.ʹ݉௥௘௙଴.଴ଽଷ For ௪ܶ௔௟௟ = ʹʹ℃,   ∆ ்ܲ௉ = Ͷ.ʹ݉௥௘௙଴.ଶ଺ 
 
(-37.3% to 35.7%) 
Han et 
al. 
(2005)  
[55] 
Tube-in-tube 
9.4mm IDit 
12.7mm ODit 
21.2mm IDot 
 
D=177.8mm 
 
 
įit=0.053 
100<ܩ<420 
Tsat=35,40,460
C 
1500<Re<900
0 
 
0<x<1 
 
Condensatio
n 
Pressure drop increases with refrigerant mass flux. 
Frictional pressure drop is higher than that in a 
straight tube, whilst the effect of the mass flux on 
the pressure drop is more significant in straight 
tubes. 
 
No correlation provided 
Wongwi
ses and 
Polsong
Tube-in-tube 
7.2mm IDit 
9.52mm ODit 
21.2mm IDot 
įit=0.025 
5<q<10 
400<ܩ<800 0.0<x<1  Evaporation Increase in the frictional pressure drop with increasing quality, mass flux and heat flux.  Marginal decrease with increasing saturation 
temperature. 
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kram 
(2006a) 
[49] 
23.2mm ODot 
D=305mm 
 
 
10< Tsat<200C 
 
 �௟ଶ = ͳ + ͳ͵.͵͹߯௧௧ଵ.ସଽଶ 
 
Used Ito’s [6] correlation for the single-phase 
friction factor 
 
(±20%) 
Wongwi
ses and 
Polsong
kram 
(2006b) 
[54] 
 
Tube-in-tube 
8.3mm IDit 
9.52mm ODit 
21.2mm IDot 
23.2mm ODot 
D=305mm 
 
 
įit=0.025 
5<q<10 
400<ܩ<800 
40< Tsat<500C 
 
0.01<x<1 
 
Condensatio
n 
Frictional pressure drop increases with average 
vapour quality and mass flux and decreases with 
increasing saturation temperature of condensation. 
Heat flux has a minimal effect on the pressure 
drop. 
 �௟ଶ = ͳ + ͷ.ͷ͸ͻ߯௧௧ଵ.ସଽଶ + ͳ߯௧௧ଶ  
 
Used Ito’s [6] correlation for the single-phase 
friction factor 
 
(±20%) 
El-Sayed 
Mossad 
et al. 
(2009) 
[56] 
Tube-in-tube 
7.39mm IDit 
9.54mm ODit 
16.92mm IDot 
19.05mm ODot 
D=216mm 
 
įit=0.03 
810<P<820kP
a 
2.5<q<12 
95<ܩ<710 
1000<Re<140
00 
0.0<x<1 
 
Condensatio
n 
Increase in the frictional pressure drop with the 
refrigerant mass flux. 
 
Pressure drop is significantly higher than in a 
straight tube. 
 
Used Han et al.’s [55] correlation 
 
Aria et 
al. 
(2012) 
[47]  
Tube-in-tube 
8.9mm IDit 9.52mm 
ODit 29mm IDot 
D=305mm 
 
 
įit =0.031 
112<ܩ<152 
 
0.1<x<0.8 
 
Evaporation 
Pressure drop increases with higher inlet vapour 
quality and refrigerant mass flow rate. 
150-220% higher than pressure drop in straight 
tubes. 
 
Used Wongwises and Polsongkram’s  [49] 
correlation for helical tubes 
 
(-73% to +39%) 
Micro-finned or corrugated tube 
 
Cui et al. 
(2008)  
[46] 
Micro-finned 
11.2mm ID 
12.7mm OD  
D=185mm 
 
Vertical 
į=0.061 
0.5<P<0.58M
Pa 
2.0<q<21.8 
65<ܩ<315 
0.05<x<0.92 
 
Evaporation 
Two-phase pressure drop is greater than that in a 
straight pipe. Micro-fins also increase the pressure 
drop as does increasing mass flux and vapour exit 
quality. 
 
For Stratified flow: 
 �௟ଶ = ͳ + Ͷͺ.ʹ߯௧௧ + ͳ߯௧௧ଶ  
For Annular flow: 
 �௟ଶ = ͳ + ͷͻ.ͺ߯௧௧ + ͵.ͷ߯௧௧ଶ  
 
Ito’s [6] correlation for the single-phase friction 
factor was used  
 
(±20%) 
Laohaler
tdecha 
and 
Wongwi
ses 
(2010) 
[50] 
Corrugated  
IDit =8.7mm 
ODit =9.52mm 
IDot =21.2mm 
E=1.5mm 
 
Horizontal 
 
5<q<10 
200<ܩ<700 
Tsat=40,45,500
C 
 
0.01<x<0.9 
 
Condensatio
n 
Frictional pressure drop increases with refrigerant 
mass flux and quality.  
70% increase in the frictional pressure drop over 
that of smooth tubes 
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�௟,௧௧ଶ = ͳ + ͳͲ߯௧௧ + ͳ߯௧௧ଶ  
 
(±30%) 
Horizontal orientation & Smooth tubes 
 
Elsayed 
et al. 
(2012) 
[48] 
1.1<ID<2.8mm 
1.47<OD<4mm 
30<D<60mm 
 
 
 
0.037<į<0.04
7 
0.35<P<0.6M
Pa 
2.5<q<12 
100<ܩ<450 
0.2<x<0.9 
 
Evaporation 
Frictional pressure drop is a strong function of the 
inner tube diameter. The coil diameter has a 
marginal effect on the pressure drop. 
 
Kim et al.’s [51] correlation for R-22: 
 ∆ ௙ܲ,்௉ = ʹ ்݂ ௉ܩ௥௘௙ଶρ௟݀௜௧ [ͳ + ݔ ቀ ͳߩ௩ − ͳߩ௟ቁͳߩ௩ ] 
where: ்݂ ௉ = Ͳ.Ͳ͹ͻ ቆܩ௥௘௙݀௜௧�்௉ ቇ−଴.ଶହ 
 �்௉ = ߩ்௉ [߯�௩ߩ௩ + ሺͳ − ߯ሻ�௟ߩ௟ ] 
 ߩ்௉ = ߩ௩ܸܨ + ߩ௟ሺͳ − ܸܨሻ 
Various orientations and smooth tube 
 
Lin and 
Ebadian 
(2007) 
[52] 
Tube-in-tube 
9.4mm IDit 
12.7mm ODit 
21.2mm IDot 
D=177.8mm 
 
Horizontal/45o/Verti
cal 
 
įit= 0.053 
60<Reref<200 
3600<Rewt<22
000 
30<Tref <35 
16<Twt <24 
 
 
Condensatio
n 
The effects of the tube orientation on the pressure 
drop were not significant whilst the effects of the 
refrigerant mass flow rate on the pressure drop 
were more significant in the annular section of the 
pipe when compared to the inner tube.  
 �௟ଶ = ͳ − ͳ.ʹ͹ͳ߯௧௧ଵ.ସଽଶ + ͳ߯௧௧ଶ  
 
(±6%) 
Table 2: Review of experimental studies on the flow boiling/condensing frictional pressure drop 321 
characteristics of R-134a in helically coiled tubes 322 
 323 
3. Gas-Water  324 
 325 
In contrast to the paucity of studies on the gas-water two-phase flow heat transfer 326 
characteristics in helically coiled tubes [57], the open literature presents numerous studies on 327 
the two-phase gas-water pressure drop characteristics. Table 3 summarises the experimental 328 
studies and correlations for the frictional pressure drop with gas and water two-phase flow as 329 
presented in the pertinent literature. The majority of studies reviewed in this section have 330 
demonstrated a reasonable agreement with the original and modified Lockhart and Martinelli 331 
correlations. Some investigators have also reported the helix angle and the curvature ratio to 332 
have some impact on the frictional pressure drop whilst other investigators reported the 333 
frictional pressure drop to be independent of the latter design parameters. The effects of the air 334 
volumetric void fraction remain indeterminate due to conflicting results. As in the case of 335 
steam-water flow, the total two-phase pressure drop with air-water systems is calculated 336 
through Eq. (2) whilst the two-phase frictional pressure drop is calculated through the 337 
application of the pressure drop multiplier as in Eq. (3). 338 
 Most studies on the two-phase air-water flow in helically coiled tubes were developed 339 
for vertically orientated tubes. The earliest study was reported by Rippel at al. [58] who 340 
investigated annular, bubbly, slug, and stratified flows. In agreement with some studies 341 
reported for steam-water, they reported that the Lockhart and Martinelli correlation for 342 
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horizontal straight tubes predicted their data with reasonable accuracy. These results were 343 
attributed to the fact that the Lockhart and Martinelli parameters are essentially ratios, while 344 
the geometry of the tube does not impact on the ratio of the two-phase to single-phase pressure 345 
drop given in Eq. (3). However, they also reported that the latter methodology also results in a 346 
number of limitations, principally due to the fact that some pertinent factors that affect two-347 
phase flows are neglected. In view of this, Rippel et al. presented three empirical correlations 348 
for the calculation of the two-phase flow pressure drop for annular, bubbly and stratified flows. 349 
These correlations are based on the two-phase drag coefficient. Banerjee et al. [59] reported 350 
similar results with the Lockhart and Martinelli correlation and presented modified equations 351 
for the gas and liquid pressure drop multipliers, and the Lockhart and Martinelli parameter. 352 
Banerjee were the first investigators to report that the helix angle did not have a significant 353 
impact on the frictional pressure drop. Agakawa et al. [4] also reported a good agreement with 354 
the Lockhart and Martinelli correlation whilst the frictional pressure drop was reported to be 355 
independent of the coil curvature. They also presented two key empirical correlations to 356 
calculate the ratios of the two-phase frictional pressure drop in the coil to those in a straight 357 
tube and coil with liquid flow only. Xin et al. [8] presented a further development of the 358 
Lockhart and Martinelli correlation whereby they included the effects of the three main forces 359 
affecting the pressure drop these being: the inertia, liquid gravity and centrifugal forces. In fact, 360 
they reported that the helix angle, coil diameter and pipe diameter had some effect on the 361 
frictional pressure drop. Awwad et al. [20, 60] investigated the two-phase frictional pressure 362 
drop in horizontal helically coiled tubes. Their conclusions and correlations are similar to those 363 
presented by Xin et al. [8] for vertical tubes. Therefore, whilst being based on the original 364 
Lockhart and Martinelli model, their correlations for horizontal coils included the effects of the 365 
three principal forces affecting two-phase flow in coiled tubes.   366 
 Xin et al. [61] investigated the two-phase flow frictional pressure drop in annular 367 
helicoidal pipes. As done in their earlier study [8] on vertical coils, they presented a correlation 368 
for the calculation of the pressure drop multiplier which is a function of the Lockhart and 369 
Martinelli parameter, as well as the Froude number. However, for the case of the annular tubes, 370 
the latter is also a function of the inner and outer tube diameters.  Vashisth and Nigam [62] 371 
were the sole authors to investigate the frictional pressure drop in a coiled flow inverter. The 372 
pressure drop was reported to be significantly higher than that for a straight helix. This result 373 
was attributed to the higher recirculation rates and the complete flow inversion as a result of 374 
the sudden shift in the flow direction. Vashisth and Nigam also reported that the Lockhart and 375 
Martinelli correlation, both in its original and modified form, predicted their data for a very 376 
limited range of flow rates. Therefore, they presented their own correlation for the two-phase 377 
friction factor in a coiled flow inverter which is a strong function of the number of bends and 378 
the curvature ratio. The latter was included due to their conclusions that smaller coil diameters 379 
resulted in higher intensity secondary flows which consequently increased the two-phase 380 
frictional pressure drop. 381 
 Chen and Guo [63] investigated the three phase oil-air-water flow in helically coiled 382 
tubes. The frictional pressure drop was reported to be independent of the coil diameter whilst, 383 
due to increased mixture viscosities, higher oil fractions resulted in higher pressure drops. A 384 
correlation which is essentially a modified Chisholm correlation for straight tubes was also 385 
presented. Chisholm’s correlation was also used to correlate the data for sulphur hexafluoride-386 
water flow in helically coiled tubes [64]. The sole study in the pertinent literature that 387 
investigated the gas-non-Newtonian pressure drop in helically coiled tubes was reported by 388 
Biswas and Das [65]. They reported a large deviation with the Lockhart and Martinelli 389 
correlation which was attributed to the non-Newtonian fluid properties. Therefore, they 390 
presented an empirical correlation for the calculation of the friction faction factor which is a 391 
function of the fluid and gas Reynolds number, the curvature ratio and fluid properties. In 392 
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agreement to pertinent conclusions made for gas-water flow [20, 59], the impact of the helix 393 
angle on the frictional pressure drop was also found to be negligible.  394 
 A recent study reported by Saffari et al. [17] investigated the frictional drag reduction 395 
through the use of two-phase bubbly flow in vertical helically coiled tubes. This study is based 396 
on earlier initiatives developed for straight tubes whereby two-phase bubbly flow resulted in a 397 
drag reduction over the corresponding single-phase flow [66, 67]. For turbulent flow with an 398 
air volumetric void fraction of 0.09, Saffari et al. reported a maximum drag reduction of 25% 399 
over that of single-phase flow, ceteris paribus (Fig. 4). The latter reduction was at its highest 400 
at the lower end of the turbulent flow Reynolds numbers. Saffari et al. attributed these results 401 
to the impact of the centrifugal force on the lighter phase, this being air, whereby due to their 402 
lighter density, bubbles accumulate on the tube inner wall in the flow boundary layer. At lower 403 
Reynolds numbers these bubbles are widely spread on the tube wall and consequently result in 404 
a significant reduction of the turbulent Reynolds stresses. Such results are in contrast to the 405 
findings reported in this section where all investigators reported frictional pressure drop 406 
multipliers in excess of 1.  407 
 408 
 409 
Figure 4: Comparison of the friction factor for single-phase and two-phase flow in helically coiled tubes at 410 
a volumetric void fraction of 0.09 (Saffari et al. [17], Fig. 4) 411 
 412 
 413 
 
Authors 
Helical coil design 
parameters 
Principal 
experimental 
parameters 
 
Main conclusions, proposed correlation and mean error 
Vertical orientation – Air-Water 
 
Rippel et 
al. 
(1966) 
[58] 
d=6.35mm 
D=203mm 
 
į=0.031 
100<Re<15000 
 
Bubbly&Slug/An
nular/Stratified 
Data fitted the Lockhart-Martinelli parameter. Developed 
correlations based on the two-phase drag coefficient. 
 
Annular Flow: (ΔܲΔܮ)௙,்௉ = (ΔܲΔܮ)௚ + Ͷ.ͶͶߝ଴.଼଺ ቆߩ௚ܷଶ݃݀ ቇ 
Bubble and Slug Flow: (ΔܲΔܮ)௙,்௉ = (ΔܲΔܮ)௚ + ͵ͳ.͵ߝଵ.ଶହ ቆߩ௚ܷଶ݃݀ ቇ 
Stratified Flow: (ΔܲΔܮ)௙,்௉ = (ΔܲΔܮ)௚ + ͵.ʹߝ଴.଼଻ହ ቆߩ௚ܷଶ݃݀ ቇ 
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Banerjee 
et al. 
(1969) 
[59] 
15.34<d<54.8mm 
152<D<610mm 
 
0.108<į<0.090 
500<Re<40000 
 
 
Helix angle had no significant effect on the frictional pressure 
drop. Data correlated well with the Lockhart and Martinelli 
correlation using the modified ∅௟ , ∅௚ and χtt; ∅௟ଶ = ܵܨ௡−ଶ (݀ܪܦ௟)ହ−௡ ∅௚ଶ = ܵܨ௠−ଶ ቆ݀ܪܦ௚ቇହ−௠ 
 ߯௧௧ଶ = ቀΔܲΔݖቁ௟ቀΔܲΔݖቁ௚ 
 
(±30%) 
Akagawa 
et al. 
(1971) 
[4] 
d=9.92mm 
D=109, 225 mm 
 
0.044<į<0.091 
0<Ug<5m/s 
0.35<Ul<1.16m/s 
 
Bubbly&Slug 
Frictional pressure drop was measured as 1.1 to 1.5 times greater 
than that in straight tubes, ceteris paribus. Pressure drop is not a 
function of the curvature. Data fitted the Lockhart and Martinelli 
correlation. Empirical equations were also provided:  
 Δ ௙ܲ,்௉,௖Δ ௙ܲ,்௉,௦ = ሺͳ + ͳͶͶߜଵ.଺ଵሻ்ܴ݁௉ଵ.ସ�  
where: ்ܴ݁௉ = ௟ܷ݀ሺͳ − ܸܨ௚ሻ�௟ 
 Δ ௙ܲ,்௉,௖Δ ௙ܲ,௟,௖ = ሺͳ − ܸܨ௚ሻ[ቀଶ.ଷௗ஽ ቁ−ଵ.ସ] 
 
(±35%) 
Kasturi 
and 
Stepanek 
(1971) 
[68] 
d=12.5mm 
D=665 mm 
 
į=0.019 
1E+3<De<1E+6 
 
Stratified&Wavy 
Data fitted the Lockhart-Martinelli parameter. 
Whalley  
(1980) 
[69] 
d=20.2mm 
D=1000mm 
Β=6 
į=0.019 
 
Stratified& 
Annular 
Frictional pressure drop is the dominant pressure drop over the 
acceleration and gravity pressure drops. 
 
No correlation provided. 
Rangachar
yulu and 
Davies 
(1984) 
[70] 
 
d=11,13mm 
1.52<ȕ<2.69 
 
 
 
0.0427<į<0.0541 
1<vfg<10 m3/h 
0.04<vfl<0.75 
m3/h 
 
Correlation also valid for air in glycerol and isobutyl alcohol 
solutions. ∅௚ − ͳ = Ͳ.Ͳͷܴ݁௟ߜ଴.ହ (்ܷ௉ܥܵ )−଴.଺଼ ቆ �௟ସ݃ߩ௟�௟ଷቇ଴.ଵ଼ ߜଷ.଺଺ 
Xin et al. 
(1996) 
[8] 
d=12.7,19.1,25.4,38
.1mm 
D=305,609 mm 
 
 
 
0.02<į<0.125 
0.008<Uw<2.2 
0.2<Ug<50 
 
Bubbly flow 
The helix angle, coil and pipe diameters have a marginal effect 
on the frictional pressure drop. 
For  ܨௗ > Ͳ.ͳ �௟ = [ͳ + ߯Ͷ͵Ͷ.͸ܨௗଵ.଻] [ͳ + ʹͲ߯ + ͳ߯ଶ]଴.ହ 
For ܨௗ ൑ Ͳ.ͳ �௟ = [ͳ + ߯͸ͷ.Ͷͷܨௗ଴.଺] [ͳ + ʹͲ߯ + ͳ߯ଶ]଴.ହ 
where; ܨௗ = ܨݎ (݀ܦ)଴.ହ ሺͳ + �ܽ݊�ሻ଴.ଶ ܨݎ = ௟ܷଶ݃݀ 
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 (±35%) 
Mandal 
and Das 
(2003) 
[15] 
 
d=10,13mm 
131<D<2222mm 
0<ȕ<12 
 
0.046<į<0.095 
1.5<vfg<52.5E-5  
3.65<vfl<14.2E-5 
28<Tmean<32oC 
 
The helix angle has no effect on the pressure drop. Empirical 
correlation was developed to calculate the two-phase friction 
factor. ்݂ ௉,௟= ͷ.ͺͺͷ͵ܴ݁௟−ଵ.ଵ଼ଶଽ±଴.଴ଶଵହܴ݁௚଴.ଽହଶ±଴.଴ଵସଶ ቆ �௟ସ݃ߩ௟�௟ଷቇ଴.଴ଶଶ±଴.଴଴଼଺ ߜ−଴.ଶ଼ଶ±଴.଴ଷ଺ଽ 
Murai et 
al. (2006)  
[16] 
d=20mm 
D=540,750mm 
 
 
0.027<į<0.04 
P=0.101MPa 
1.76<U<5.28 
15<T<17oC 
Re>104 
Bubbly/Plug/Slug  
flow 
∆ ௙ܲ,௟ = ݂ߩ௟ሺͳ − ܸܨሻ ݀ܮ ܷଶʹ 
 
Used Ito’s [6] correlation for the single-phase friction factor 
 
Saffari et 
al.  
 [17] 
d=12,19mm 
D=200mm 
 
 
 
0.06<į<0.095 
P=0.101MPa 
10000<Re<50000 
0.03<VF<0.09 
Bubbly flow 
25% reduction in the frictional pressure drop with VF=0.09 of air 
over that of single-phase flow, ceteris paribus. 
 
No correlation provided. 
Horizontal orientation – Air-Water 
 
Awwad et 
al. (1995) 
[20] 
 
12.7<d<38.1mm 
330<D<670mm 
1<ȕ<20 
 
 
0.04<į<0.057 
0.2<Ug<50m/s 
0.008<Ul<2.2m/s 
Bubbly flow 
Frictional pressure drop is a function of the flow rate of air and 
water and the Lockhart-Martinelli parameter. The helix angle has 
almost no effect on the frictional pressure drop whilst the tube 
and coil diameters have some effects which diminish at higher 
fluid flow rates.  
 �௟ = [ͳ + ߯ܥሺܨௗሻ௡ଵ] [ͳ + ͳʹ߯ + ͳ߯ଶ]଴.ହ 
where:            Fd≤0.3,  C=7.79 & n1=0.576 
Fd> 0.3,  C=13.56 & n1=1.3 
(±32%) 
Awwad et 
al. (1995) 
[60] 
d=25.4mm  
D= 350, 660mm 
1<ȕ<20 
 
 
0.04<į<0.073 
0.2<Ug<50m/s 
0.008<Ul<2.2m/s 
 
 
Same conclusions as in Awwad et al. [20] 
 �௟ = [ ߯ͻ.͸͵ܨௗ଴.଺ଵ] [ͳ + ͳʹ߯ + ͳ߯ଶ]଴.ହ ܨௗ = ܨݎߜ଴.ଵ 
 (±35%) 
 
 
Coiled flow inverter – Air-Water 
 
Vashisth 
and 
Nigam 
(2007) 
[62] 
 
5<d<15mm 0.05<į<0.149 
8.33<vfg<100E-
5  
3.33<vfl<1000E
-6 
Pressure drop increases by a factor of 1.2-2.5 more than that of a 
straight helix. Smaller coil diameters result in higher frictional 
pressure drops. 
 ்݂ ௉ = ʹͻ.Ͷܰ଴.ଵ଺ ቀ݀ܦቁ଴.ଵଽ ܴ݁௚଴.଴଺ܴ݁௟଴.ଽସ        ͶͲͲ < ܴ݁௟ ൑ ͻͲͲͲ 
 ்݂ ௉ = Ͳ.Ͳ͸ͷܰ଴.଴଴ଷܴ݁௚଴.଴଴ଵቀ݀ܦቁ଴.଴଴ଷ ܴ݁௟଴.ଵଷ          ܴ݁௟ ൒ ͳͲʹͲͲ 
 
(±15%) 
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Annular helicoidal tubes – Air-Water 
 
Xin et al. 
(1997) 
[61] 
Tube-in-tube 
ODit=6.35,9.525,12.
7mm
 
IDot=10.21,15.748,2
1.18mm 
D=114.3,177.8,196.
85mm 
 
Vertical and 
Horizontal 
orientations 
30<Reg<30000 
210<Rew<23000 
 
Frictional pressure drop is a function of the flow rate of air and 
water and the Lockhart-Martinelli parameter, whilst the flow rate 
effect diminishes with an increase in the tube diameter.  
 �௟ = [ͳ + Ͳ.ͲͶ͵ͷ߯ଵ.ହܨ ] [ͳ + ͳͲ.͸Ͷ͸߯ + ͳ߯ଶ]଴.ହ 
where; ܨ = ܨݎ଴.ଽଵ଴଺݁଴.଴ସହ଼ሺ௟௡ி௥ሻమ  ܨݎ = ௟ܷଶ݃ሺܫܦ௢௧ − ܱܦ௜௧ሻ 
Three-phase: Oil-Air-Water 
 
Chen and 
Guo 
(1999)  
[63] 
d=39mm 
D= 265, 522.5mm 
1<ȕ<20 
 
 
0.45<Ug<19.02m/
s 
0.018<Uwt<1.85m
/s 
0.0141<Uo<0.91
m/s 
15<Tmean<20oC 
0.1<P<0.5MPa 
VCoil<30% 
VCwt>70% 
Stratified/Oil-
Droplet 
Stratified/Oil-
Droplet/Annular 
Oil flow 
The frictional pressure drop increases with the oil fraction in the 
mixture. Coil diameter has no effect on the frictional pressure 
drop. 
 �௟ଶ = ݂ሺߠሻ [ͳ − Ͳ.͸Ͳ͵߯ + ͳ߯ଶ] 
where: 
 ݂ሺߠሻ = ܴ଴.଴ଵ଻ଶ (ͳͷʹ͸ܩ )ଵ.ହଽ଺ ሺߜሻ଴.ଵ଻ହ (�௚ߩ௢�௢ߩ௢)−ଵ.ଶଷ଼ (�௪௧ߩ௢�௢ߩ௪௧) 
 ܴ = ௚ܷܷ௟  
 
(±30%) 
Gas-Non-Newtonian Fluid 
 
Biswas 
and Das 
(2008) 
[65] 
9.3<d<12mm 
176.2<D<266.7m
m 
0<ȕ<12 
 
 
Vertical orientation 
0.035<į<0.09 
0.44<vfg<42.03
E-5  
3.334<vfl<15.00
3E-5 
28<Tmean<32oC 
0.2<MC<0.8 
The effect of the helix angle on the pressure drop was negligible. 
Empirical correlation was developed to calculate the two-phase 
friction factor. ்݂ ௉,௟= Ͳ.Ͷܴ݁௚଴.଻ହ଻±଴.଴ଶହܴ݁௟−ଵ.ସଷ଻±଴.଴ହଽ ቆ�௘௙௙ସ ݃ߩ௟�௟ଷ ቇ−଴.ଷସ଼±଴.଴ଵ଻ ߜ଴.଻ଶଵ±଴.଴଻଺ 
 
(RE 8%) 
SF6-Water 
 
Czop et 
al. (1994) 
[64] 
d=19.8mm 
D=1170mm 
ȕ=7.27 
į=0.017 
0.1<P<1.35MPa 
26000<Re<50000 
500<G<3000 
Slug & Bubbly 
flow 
 
Significant differences with the Lockhart-Martinelli correlation. 
Fairly good agreement with the Chisholm correlation [71]: �௟,௧௧ଶ = ͳ + ߯ܥ௧௧ + ͳ߯௧௧ଶ  
where: ߯௧௧ = ͳ − ݔݔ (ߩ௚ߩ௟ )଴.ହ ܥ = ͳ.ͷ [(ߩ௚ߩ௟ )଴.ହ + ቆߩ௟ߩ௚ቇ଴.ହ] 
 
Table 3: Review of experimental studies on the air-water frictional pressure drop characteristics in helically 414 
coiled tubes 415 
 416 
 417 
 418 
 419 
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4. Nanofluids  420 
 421 
4.1. Experimental studies  422 
 423 
There is a significant paucity of studies on the pressure drop characteristics of 424 
nanofluids in helically coiled or curved tube heat exchangers. Fakoor-Pakdaman et al. [72] 425 
reported that the few studies reported on the investigation of nanofluid flow in helically coiled 426 
tubes were mainly focused at investigating the heat transfer characteristics with the system 427 
parameters. In fact, their study, published in 2013, was the first study to comprehensively 428 
investigate the isothermal pressure drop with nanofluids in helically coiled tubes. As reported 429 
in Section 1 of the present study, a number of authors have considered the ratio of the resultant 430 
pressure drop with nanofluids in a helically coiled tube to that in a straight tube with the base 431 
fluid only, to calculate the performance index given in Eq. (1).  This is principally used to 432 
appraise the application of heat transfer enhancement techniques as a function of the ratios of 433 
the heat transfer coefficients and the pressure drops. The latter is particularly relevant to the 434 
calculation of the heat exchanger performance, as the use of helical coils and nanofluids could 435 
result in a significant increase in the pressure drop (circa 3.5 times) over that of the base fluid 436 
in straight tubes [72]. 437 
Table 4 summarises the pertinent experimental studies reviewed, categorised according 438 
to the nanoparticles and the base fluids investigated. The principal nanoparticles which have 439 
been reported by researchers are the oxides of copper and aluminium whilst the base fluids are 440 
water and oil. 441 
Most of the researches reviewed in the present study have reported an increase in the 442 
nanofluid pressure drop with the nanoparticle concentration and the Reynolds number. This is 443 
mainly attributed to the resultant higher relative mixture densities and viscosities [3, 73, 74]. 444 
However, most researchers agreed that at low fluid velocities the rate of increase in the pressure 445 
drop with the nanoparticle volume concentration was smaller than that at higher fluid 446 
velocities. Mukesh Kumar et al. [74] attributed this result to the dominance of the viscosity 447 
effects at low Dean numbers. Furthermore, Hashemi and Akhavan-Behabadi [73] reported that 448 
the higher rate of chaotic motion and migration of the nanoparticles at increased Reynolds 449 
numbers could be the reason for the different rates of pressure drop increases. There are no 450 
experimental studies which investigated the pressure drop characteristics of the principle 451 
nanofluids, these being the oxides of aluminium and copper dispersed in water, at identical 452 
system parameters. However, Hashemi and Akhavan-Behabadi reported that due to the 453 
spherical properties of CuO nanoparticles, reduced levels of friction could result when 454 
compared to other nanofluids. This is due to the rolling effect (instead of sliding) between the 455 
oil and solid phases.  456 
There is an agreement amongst authors [18, 14] that the transitional velocity, and hence 457 
the critical Reynolds number of nanofluids will be higher than that of the base fluid. This is 458 
due to the higher viscosity of the former. As reported in our review on the two-phase heat 459 
transfer characteristics in helically coiled tubes [57] some controversies characterise the studies 460 
on nanofluid flow in these tubes. The majority of investigations reviewed in the present study 461 
reported a significant appreciation in the pressure drop with nanofluids over that of the base 462 
fluid only. Furthermore, the increment in the pressure drop for helical tubes was reported to be 463 
higher than that for straight pipes. In view of this, Suresh et al., Fakoor-Pakdaman et al. and 464 
Kahani et al. [13, 72, 75] presented correlations for the calculation of the friction factor and 465 
pressure drop with nanofluids. These correlations are principally a function of the coil 466 
geometry, Dean or Reynolds numbers and the nanoparticle concentration. With a 2% weight 467 
concentration of CuO nanoparticles in oil, flowing through a helically coiled tube, Hashemi 468 
and Akhavan-Behabadi [73] reported an increase in the pressure drop of 20.3% over that of the 469 
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base fluid only whilst for a straight tube, this was measured as 13.2%. Similarly, for 0.2% 470 
volume concentration of CuO in water, Kannadasan et al. [18] reported that the friction factor, 471 
when compared to water flow only, increased by 24% and 23% for horizontal and vertical 472 
orientations respectively. However, in contrast to these findings, Suresh et al. and Wu et al. 473 
[75, 14] reported that the resultant pressure drop increment with a wide range of nanoparticle 474 
concentrations was marginal when compared to that of the base fluid alone. In fact, Wu et al.’s 475 
pressure drop results were reasonably predicted by the Ito [6] (laminar) and Seban and 476 
McLaughlin [76] (turbulent) equations for single-phase flow in helically coiled tubes. Suresh 477 
et al. attributed these results to the nanoscale size of the additive nanoparticles. Furthermore, 478 
whilst Wu et al. [14] reported that, due to their higher viscosity and density, nanofluids resulted 479 
in a mitigation of the secondary flow, Mukesh Kumar et al. [3] reported contradictory results. 480 
The latter results were attributed to the random motion of the nanoparticles which did not 481 
impede the formation of the secondary flow. 482 
The nanofluid pressure drop as a function of the coil geometry was investigated by 483 
Kahani et al. [77] and Fakoor-Pakdaman et al. [72] who both reported lower pressure drops 484 
with a decrease in the curvature ratio. The pressure drop was also independent of the coil pitch. 485 
The former was principally attributed to the weaker centrifugal forces, hence minimising the 486 
effects of the secondary flow on the system pressure drop. The sole study which investigated 487 
the nanofluid pressure drop as a function of the helical coil orientation was reported by 488 
Kannadasan et al. [18]. They reported that the nanofluids in a vertical coil resulted in 489 
marginally lower pressure drop increments (over that of pure water) when compared to 490 
horizontal coils, ceteris paribus (Fig. 5). However, they failed to critically analyse these results.  491 
 492 
 493 
Figure 5: CFD simulation of the CuO nanoparticles in water, friction factor for: (a) Horizontal orientation (b) Vertical 494 
orientation (Kannadasan et al. [18], Figs. 7&8) 495 
 496 
 497 
 
Authors 
 
Heat exchanger 
type/Flow regime 
 
Nanofluid 
 
Volume 
or weight 
conc. 
 
Main conclusions, proposed correlation and 
mean error 
Copper & Copper oxide nanoparticles & Water 
 
Akbaridoust 
et al. (2003) 
[78] 
Laminar 
200<Re<1000 
Cu/H2O 
 
0.1-0.2% 
(VF) 
The pressure drop increased with increasing 
particle volume concentration and mass flow rate. 
 
No correlation. 
Suresh et al. 
(2011) 
[75] 
Horizontal with 
smooth and 
dimpled surface 
Turbulent  
ID=4.85mm 
OD=6.3mm 
2500<Re<6000 
CuO/ H2O 0.1-0.3%  
(VF) 
Quasi no increase in the pressure drop with 
nanofluids over that with distilled water.  
 ݂ = Ͳ.ͳ͸Ͷͺܴ݁଴.ଽ଻ሺͳ + ܸܥሻଵ଴଻.଼ଽ (ͳ + ܴܲ݀)−ସ.ସ଺ଷ 
 
(±20%) 
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Kannadasan 
et al. (2012) 
[18] 
Horizontal & 
vertical 
Turbulent 
 ID= 9mm 
OD=10.5mm 
D=124mm 
1600<De<4000 
CuO/ H2O  
0.1-0.2% 
(VC) 
For both horizontal and vertical coils, an increase in 
the friction factor was measured with higher 
nanoparticle volume concentrations. Higher Dean 
numbers decreased the friction factor.  
For 0.2% volume concentration, the friction factor, 
when compared to water flow only, increased by 
24% and 23% for horizontal and vertical 
orientations respectively.    
 
No correlation. 
Copper oxide nanoparticles & Oil 
 
Hashemi 
and 
Akhavan-
Behabadi 
(2012) 
[73] 
Horizontal 
Laminar 
ID=14.37mm 
D=324mm 
Re<125 
700<Pr<2050 
 
CuO/Oil 
 
0.5-2% 
(WC) 
The pressure drop increased with increasing 
particle volume concentration and Reynolds 
numbers. For 2% WC, the pressure drop, when 
compared to oil flow only, increased by 20.3%. For 
a straight tube this was measured as 13.2% 
 
No correlation. 
 
Multi-Walled Carbon NanoTubes nanoparticles & Oil 
 
Fakoor- 
Pakdaman 
et al. (2012) 
[5] 
Vertical 
Laminar 
ID=15.6mm 
220<D<320mm 
100<Re<1800 
Multi-Walled 
Carbon 
NanoTubes/Oil 
0.1-0.4% 
(WC) 
Performance index, increases with higher 
nanoparticle weight concentrations.   
 
No correlation. 
 
Fakoor-
Pakdaman 
et al. (2013) 
[72] 
Vertical 
 Laminar 
ID=15.6mm 
220<D<320mm 
10<Re<2000 
Multi-Walled 
Carbon 
NanoTubes/Oil 
 
0.1-0.4% 
(WC) 
The pressure drop increased with increasing 
particle volume concentration and mass flow rate. 
31% pressure drop increase over the base fluid at 
the highest concentration. Pressure drop is 
independent of the coil pitch whilst a decrease in 
the curvature ratio results in a lower pressure drop. 
Pressure drop in the coiled tube is up to 2.5 times 
higher than that in a straight tube. 
 ்݂ ௉௕݂௙ = [ͳ + Ͳ.Ͳ͵ͳሺ݈݋݃ܦ݊௠ሻସ]ሺͳ + ͳͲܹܥሻସ.ଽ 
where: ܦ݊௠ = ܴ݁ {ߜ−ଵ [ͳ + ቀ ݌ߨܦቁଶ]}−଴.ହ 
 
(±20%) 
 
 
Aluminium oxide & titanium dioxide nanoparticles & Water 
 
Kahani et 
al. (2013a) 
[13] 
Horizontal 
Laminar 
d=7mm 
D=70,140mm 
500<Re<4500 
5.89<Pr<8.95 
115.3<He<1311.4 
 
Al2O3/H2O 
TiO2 /H2O 
 
0.25-1.0% 
(VC) 
The pressure drop increased with increasing 
particle volume concentration and mass flow rate. 
 Δ்ܲ௉ = ͷ.ͷͺͶܪ݁ଵ.ଷ଺ܸܨ଴.ସସ଺݀଴.ଵ଺ଷܴܣଶ 
where: ܪ݁ = ܦ݁ [ͳ + ቀ ݌ʹߨܦቁଶ]଴.ହ 
Kahani et 
al. (2013b) 
[77] 
Horizontal 
Laminar 
d=7mm 
D=70,140mm 
500<Re<4500 
5.89<Pr<8.95 
115.3<He<1311.4 
 
Al2O3/H2O 
 
 
0.25-1.0% 
(VC) 
The pressure drop increased with increasing 
particle volume concentration and mass flow rate. 
A decrease in the curvature ratio results in a lower 
pressure drop, whilst the coil pitch had a minimal 
effect on the pressure drop.  
 
No correlation. 
 
Mukesh 
Kumar et al. 
(2013) 
Laminar 
5100<Re<8700 
ID=9mm 
 
Al2O3 /H2O 
0.1-0.8% 
(VC) 
Generally, the pressure drop increased with 
increasing particle volume concentration and mass 
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[3] OD=10.5mm 
D=93mm 
flow rate. Rate of pressure drop increase was higher 
when the Dean number increased. 
 
No correlation. 
Wu et al. 
(2013) 
[14] 
Double pipe 
Laminar & 
Turbulent 
IDit =13.28mm 
IDot  =26mm 
D=254mm 
800<Re<10000 
Al2O3 /H2O 0.78-
7.04% 
(WC) 
Mitigation of secondary flow with nanofluids.  
Friction factor decreases with higher Reynolds 
numbers for laminar flow while it increases slowly 
for higher Reynolds numbers in turbulent flow.  
 
Their friction factor was predicted through the use 
of the Ito [6] (laminar) and Seban and McLaughlin 
[76] (turbulent) equations for single-phase flow.  
 
(±30%) 
Mukesh 
Kumar et al. 
(2014) 
[74] 
Laminar 
0.03<݉̇<0.05 
1600<De<2700 
ID=10mm 
OD=11.5mm 
D=93mm 
Al2O3 /H2O 0.1-0.8% 
(VC) 
Generally, the pressure drop increased with 
increasing particle volume concentration and mass 
flow rate. Rate of pressure drop increase was higher 
when the Dean number increased. 
Hence, no significant increase in the pressured drop 
with 0.1% and 0.4% nanofluid particle volume 
concentration. 
 
No correlation. 
Table 4: Review of experimental studies of the pressure drop characteristics of nanofluids in helically coiled 498 
tubes 499 
 500 
4.2 Numerical Studies 501 
 502 
Research on the pressure drop and the general thermo-physical properties of nanofluids 503 
in helically coiled heat exchangers is a relatively new development. In fact, the earliest research 504 
in the pertinent literature was reported by Sasmito et al. [23] in 2011. The ANSYS Fluent 505 
commercial software package was used in all of the studies reviewed and summarised in this 506 
section. Therefore, the fluid flow and heat transfer governing equations, given in Eqs. (14-16), 507 
were solved to measure the pressure drop and temperature distribution along the helically 508 
coiled tubes.  509 
 510 
Continuity: 511 
 512 �ఘ�் + ∇. ሺߩܸሻ = Ͳ                                                                            (14) 513 
 514 
Momentum: 515 
 516 ߩ ���் + ∇. �௜௝ − ∇ܲ + ߩܨܤ = Ͳ                                                                         (15) 517 
 518 
Energy: 519 
 520 ߩ ஽௘�் + ߩሺ∇. ܸሻ = �ொ�் − ∇. ܳ + �ௗ                                                                         (16) 521 
 522 
where V is the fluid velocity, FB are the body forces, ϕd is the energy dissipation term and Q is 523 
the heat transfer by conduction. The numerical analysis studies reviewed in this section 524 
assumed that the nanofluid flow through the tubes is incompressible, single-phase and fully 525 
developed, both hydrodynamically and thermally. The SIMPLEC algorithm was used by a 526 
number of studies to solve the flow field [21, 31], whilst for turbulent flow modelling, the 527 
Standard Turbulence k-İ model as proposed by Launder and Spalding, was used [79]. The 528 
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thermo-physical properties of the nanofluids were obtained using the equations given in Eqs. 529 
(17-28) [21, 31]. 530 
 531 
Density:  532 
 533 ߩ௡௙ = ሺͳ − ܸܨሻߩ௕௙ + ܸܨߩ௡௣                                                                          (17) 534 
 535 
Heat capacity: 536 
 537 ሺߩܥ௣ሻ௡௙ = ሺͳ − ܸܨሻ(ߩܥ௣)௕௙ + ܸܨ(ߩܥ௣)௡௣                                                                        (18) 538 
 539 
Effective thermal conductivity: 540 
 541 ݇௘௙௙ = ݇௦௧௔௧௜௖ + ݇஻௥௢௪௡௜௔௡                                                                           (19) 542 
 543 
Static thermal conductivity: 544 
 545 ݇௦௧௔௧௜௖ = ݇௕௙ [௞��+ଶ௞�೑−ଶ(௞�೑−௞��)�ி௞��+ଶ௞�೑+(௞�೑−௞��)�ி ]                                                                         (20) 546 
 547 
Brownian thermal conductivity: 548 
 549 ݇஻௥௢௪௡௜௔௡ = ͷܧͶ�ܸܨߩ௕௙ܥ௣,௕௙√ κ்ଶఘ��௥ௗ�� ݂ሺܶ, ܸܨሻ                                                             (21) 550 
 551 
where the Boltzmann constant, κ = 1.3807E-23 J/K 552 
 553 
Modelling function for CuO, 1%≤VF≤6%, ȕ: 554 
 555 � = ͻ.ͺͺͳሺͳͲͲܸܨሻ−଴.ଽସସ଺                                                                           (22) 556 
 557 
Modelling function for Al2O3, 1%≤VF≤10%, ȕ: 558 
 559 � = ͺ.ͶͶͲ͹ሺͳͲͲܸܨሻ−ଵ.଴଻ଷ଴ସ                                                                          (23) 560 
 561 
Modelling function for ZnO, 1%≤VF≤7%, ȕ: 562 
 563 � = ͺ.ͶͶͲ͹ሺͳͲͲܸܨሻ−ଵ.଴଻ଷ଴ସ                                                                          (24) 564 
 565 
Modelling function for SiO2, 1%≤VF≤10%, ȕ: 566 
 567 � = ͳ.ͻͷʹ͸ሺͳͲͲܸܨሻ−ଵ.ସହଽସ                                                                           (25) 568 
 569 
Modelling function, f (T,VF): 570 
 571 ݂ሺܶ, ܸܨሻ = ሺʹ.ͺʹͳ͹ܧ − ʹሻܸܨ + ሺ͵.ͻͳ͹ܧ − ͵ሻ ቀ ܶܶ݋ቁ + ሺܸܨሺ−͵.Ͳ͸ͻͻܧ − ʹሻ − ሺ͵.ͻͳͳʹ͵ܧ − ͵ሻሻ                                                             572 
                             (26) 573 
Dynamic viscosity: 574 
 575 
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�೐೑೑��೑ = ଵଵ−ଷସ.଼଻ቆ೏���೏��೑ቇ−బ.య�ிభ.బయ                                                                          (27) 576 
 577 
where the equivalent diameter of the base fluid molecule is: 578 
 579 ݀�௕௙ = ( ଺ெேగఘ�೑)                                                                                    (28) 580 
 581 
Table 5 summarises the numerical studies on the pressure drop characteristics with nanofluid 582 
laminar and turbulent flow in helically coiled tubes. The studies summarised in this section are 583 
in reasonable agreement with the data reported in the experimental studies reviewed in Section 584 
4.1. Furthermore, some controversy also characterises the reviewed numerical studies. Hence, 585 
whilst a number of authors [21, 22, 80] reported an increase in the frictional pressure drop with 586 
higher nanoparticle volume concentrations as well as higher nanofluid pressure drops over that 587 
of the base fluid only, Sasmito et al. [23] reported that at a nanoparticle volume concentration 588 
of 1%, the calculated pressure drop was lower than that for pure water. Sasmito et al. attributed 589 
these results to the fact that at low volume concentrations, the nanoparticles have a minimal 590 
effect on the fluid viscosity, whereas the temperature effects on the nanofluid thermo-physical 591 
properties are more significant. Intriguingly, Aly [30] also reported that the aluminium oxide 592 
nanoparticles with a maximum volume concentration of 2% did not result in an increase to the 593 
resultant pressure drop. Therefore, their data was in reasonable agreement with the single-phase 594 
friction factor correlations by Mishra and Gupta and Ito [7, 6]. Similar results were also 595 
reported by Suresh et al. and Wu et al. [75, 14] through their experimental investigations. One 596 
of the advantages of numerical simulations is the minimal cost incurred for each simulation. 597 
Hence, Narrein and Mohammed [21] were able to investigate the flow characteristics of a 598 
combination of oil, ethylene glycol and water based nanofluids. They reported that due to the 599 
high viscosities of oil based nanofluids, the latter resulted in the highest calculated pressure 600 
drop when compared to ethylene glycol and water based nanofluids. Narrein and Mohammed 601 
also reported higher pressure drops with decreasing nanoparticle diameters which were more 602 
intense at higher fluid velocities. These results were attributed to the resultant increase in the 603 
fluid viscosity which could result in higher wall shear stresses. 604 
 Through their numerical investigations, Elsayed et al. [29] and Moraveji and Hejazian 605 
[80] presented correlations for the prediction of the friction factor. The former’s correlation 606 
takes the form of a ratio of the nanofluid flow pressure drop in a helically coiled tube to that in 607 
a straight tube, ceteris paribus. This correlation is a function of the fluid properties, represented 608 
through a modified Reynolds number and the tube geometry, represented through the curvature 609 
ratio. The correlation presented by the latter authors is markedly different as it is not a function 610 
of the coil geometry. In fact, it is a sole function of the fluid properties, represented through 611 
the nanoparticle volume concentration and the Reynolds number.  612 
Mohammed and Narrein [31] and Aly [30] investigated the nanofluid pressure drop 613 
characteristics with the coil geometry.  In agreement with the experimental results reported by 614 
Kahani et al. [13] and Fakoor-Pakdaman et al. [5], an increase in the nanofluid frictional 615 
pressure drop was reported with a reduction in the coil diameter, whilst the pressure drop 616 
decreased with larger tube diameters. As reported in Section 4.1, these results can be attributed 617 
to the reduction in the centrifugal forces with larger helix diameters. As illustrated in Fig. 6, 618 
the pressure drop was also reported to be independent of the helix pitch.  619 
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  620 
Figure 6: CFD simulation of the CuO nanoparticles in water, pressure drop for: different helix radii (a), pitches (b) 621 
(Mohammed and Narrein [31], Fig. 7a&b)  622 
 623 
 624 
 
Authors 
 
Heat exchanger 
type / Flow 
regime 
 
Nanofluid 
 
Volume 
or 
Weight 
Concent
ration 
 
Main conclusions, proposed correlation and 
mean error 
Sasmito et 
al. (2011) 
[23] 
Square tubes 
Laminar 
 
Al2O3/H2O 
CuO/H2O 
0-1% 
(VC) 
Helical coil resulted in the highest pressure drop 
when compared to straight, conical and in-plane 
coiled tubes.  
At 1% nanoparticle concentration, the pressure 
drop was lower than that for water.  
 
No correlation. 
 
Jamshidi et 
al. (2012) 
[22] 
Laminar 
1700<Re<2500 
 
Al2O3 /H2O 
1-3% 
(VC) 
Friction factor increased with higher nanoparticle 
volume concentrations and lower Reynolds 
numbers.  
 
No correlation. 
Mohammed 
and Narrein 
(2012) 
[31] 
Laminar 
0.01<݉̇<0.06 
d=32,42,52mm 
D=600,800,900 
mm  
 
 
CuO/H2O 
4% 
(VC) 
Pressure drop increased with a reduction in the 
coil diameter and decreased with larger tube 
diameters.  
 
No correlation. 
Narrein and 
Mohammed 
(2013) 
[21] 
Laminar 
0.01<݉̇<0.06 
 
CuO/H2O/Engine 
Oil/Ethylene 
glycol 
Al2O3/H2O/Engin
e Oil/Ethylene 
glycol 
ZnO/H2O/Engine 
Oil/Ethylene 
glycol 
SiO2/H2O/ Engine 
Oil/Ethylene 
glycol 
 
 
1-4% 
(VC) 
 
Due to the different densities, SiO2 had the 
highest pressure drop followed by Al2O3, ZnO, 
CuO. 
Due to higher viscosities, pressure drop increased 
with higher nanoparticle concentrations and 
decreasing nanoparticle diameters. Due to higher 
wall shear stresses this effect is more intense at 
higher fluid velocities.  
Pressure drop for oil based nanofluids resulted in 
the highest pressure drop followed by ethylene 
glycol and water based nanofluids.  
 
No correlation. 
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Elsayed et 
al. (2014) 
[29] 
Turbulent 
20000<Re<50000 
Al2O3 /H2O 0-3% 
(VC) 
Pressure drop in coils with nanofluids was 
measured as a ratio to that of water in a straight 
tube.  
 ௡݂௙,௖௕݂௙,௦ = ௡݂௙,௖௡݂௙,௦ = ͶሺͲ.Ͳͺܴ݁௡௙−଴.ଶହ + Ͳ.Ͳͳʹߜ଴.ହሻͲ.͵ͳ͸ܴ݁௡௙−଴.ଶହ  
 
(±5%) 
Aly (2014) 
[30] 
Tube-in-tube 
Turbulent 
D=180,240,300m
m 
2<vfit<5LPM 
10<vfit<25LPM 
 
Al2O3 /H2O 05-2% 
(VC) 
Single-phase friction factor correlations by Ito 
and Mishra and Gupta are also valid for 
nanofluids. 
Friction factor increased with curvature ratios. 
No pressure drop increase with nanoparticle 
volume concentration.   
 
No correlation. 
Moraveji 
and 
Hejazian 
(2014)  
[80] 
Laminar 
d=14.4mm 
D=324mm  
 
CuO/Oil 0.5-2% 
(WC) 
Pressure drop with 2% nanoparticles is 11% 
higher than that for the base fluid, ceteris paribus.  
Pressure drop for the base fluid in the helical coil 
was 3 times higher than that in a straight tube.  
 ݂ = ͳ.ͻʹͷͶܴ݁−ଵ.ଶଶଷሺͳ + ܸܥሻ଴.଴଴଻଼ଵ 
 
(±15%) 
Table 5: Review of numerical studies on the pressure drop characteristics of nanofluids in helically coiled 625 
tubes 626 
 627 
5. Scope for further research 628 
 629 
 As discussed in Section 3, recent studies have suggested that the introduction of small 630 
air bubbles (b<0.5mm) in turbulent flow could result in a substantial reduction of the frictional 631 
pressure drop over that of pure water. A number of studies have investigated this concept for 632 
two-phase flow in straight tubes [66, 67] whilst Saffari et al. [17] presented the sole study for 633 
helically coiled tubes. Saffari et al.’s conclusions are in substantial disagreement with the 634 
findings reported by the majority of investigations on air-water two-phase flow, where the 635 
introduction of the second phase was reported to enhance the frictional pressure drop. In fact, 636 
the pressure drop multiplier in Eq. (3), as originally defined by Lockhart and Martinelli, was 637 
typically reported to be in excess of unity. Such evident controversies should be addressed 638 
through further research on the frictional pressure drop due to bubbly air-water two-phase flows 639 
in coiled tubes.  640 
 As reported in a study published by one of the authors of the present study [81], air-641 
water two-phase flow through helically coiled tube heat exchangers characterises many modern 642 
condensing sealed heating systems. Bubbly flow finds its origins in the supersaturated 643 
conditions at the heat exchanger wall. Whilst numerous studies investigated the air-water 644 
bubbly flow pressure drop, these studies were developed through the insertion of artificial 645 
bubbles. This presents significant scope for further research on the bubbly flow two-phase 646 
frictional pressure drops, where bubbles nucleate and detach at the tube wall and therefore, the 647 
volumetric void fraction at the return and flow ends of the heat exchanger would be dissimilar. 648 
Moreover,  in view of the fact that numerous studies have suggested enhanced heat transfer 649 
coefficients with the addition of nanoparticles to water [75, 18], there is scope for further 650 
research on the three-phase air-water-nanoparticles frictional pressure drop in helically coiled 651 
tube heat exchangers.  652 
 Due to the recent development of nanofluids as a means for the enhancement of the 653 
fluid heat transfer characteristics, there is ample scope for further research in this field of study. 654 
The majority of the pertinent studies available in the open literature have focused their 655 
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investigations on the resultant heat transfer characteristics. This is evidenced by the paucity of 656 
correlations presented for the calculation of the frictional pressure drop when compared to 657 
those available for the heat transfer coefficient [57]. Further investigations should be developed 658 
to address the conflicting results for the impact of the nanoparticle concentration on the 659 
frictional pressure drop as outlined in Section 4. Studies should also be developed for the 660 
purpose of investigating the frictional pressure drop as a sole function of the type of 661 
nanoparticles. Such studies are deemed necessary in view of the conclusions made by Hashemi 662 
and Akhavan-Behabadi [73] who reported that due to their typical spherical shape, copper 663 
oxide nanoparticles could yield lower frictional pressure drops. The open literature presents a 664 
single study on the two-phase frictional pressure drop as a function of the coil orientation [18], 665 
where horizontal coils were reported to yield marginally higher pressure drops. However, the 666 
authors failed to provide a detailed appraisal for the latter results. Furthermore, this study was 667 
developed with copper oxide nanoparticles in water and hence, further studies are required to 668 
investigate the impact of the coil orientation with widely used nanoparticles and base fluids, 669 
such as aluminium oxide and oil respectively. Moreover, the pertinent literature failed to 670 
comprehensively investigate the distribution of the secondary phase (nanoparticles) in coiled 671 
tubes. Therefore, whilst Wu et al. [14] reported that nanofluid flow in coiled tubes did not yield 672 
a significant phase separation, no other relevant studies investigated this pertinent flow 673 
characteristic. Such avenues for future fundamental research will complement and facilitate the 674 
research and development of high efficiency heat exchangers as well as open new opportunities 675 
for industry-led heat exchanger tube design initiatives, whereby the distribution of the 676 
secondary phase could be manipulated for optimised system efficiencies.  677 
 678 
6. Conclusions 679 
 680 
This paper has provided a review on all the investigations available in the pertinent literature 681 
on the two-phase pressure drop characteristics in helically coiled tubes. Therefore the relevant 682 
investigations on steam-water flow boiling, R-134a evaporation and condensation, air-water 683 
flow and nanofluids have been critically reviewed. The correlations for the calculation of the 684 
frictional two-phase pressure drop were also tabulated with the corresponding system 685 
parameters. Whilst being more complex than single-phase flow, two-phase flow is more 686 
relevant to numerous engineering applications. Therefore a comprehensive understanding of 687 
the two-phase pressure drop is necessary to ensure that no excessive, energy consuming, 688 
pumping power is required. The pertinent conclusions outlined in the current study can be 689 
summarised through the following points: 690 
 691  For steam-water flow boiling, the frictional pressure drop increases with the vapour 692 
quality and mass flux whilst it decreases with higher system pressures. The appreciation 693 
of the frictional pressure drop with the vapour quality is more significant at qualities 694 
below 0.3. The curvature ratio does not appear to have a significant influence on the 695 
two-phase flow boiling frictional pressure drop multiplier whilst there is some 696 
controversy surrounding the influence of the coil orientation and heat flux. Some 697 
studies have correlated their data to widely cited correlations for straight tubes such as 698 
those given by: Lockhart and Martinelli, Martinelli and Nelson and Chen.  699  For R-134-a evaporation and condensation in helically coiled tubes, the curvature ratio 700 
appears to have some impact on the resultant frictional pressure drop for R-134a flow 701 
in non-miniature helically coiled tubes (d>1mm). The pertinent investigations have also 702 
concluded that the frictional pressure drop increases with higher vapour qualities and 703 
refrigerant mass fluxes, whilst the tube orientation has no significant impact on the 704 
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pressure drop. The majority of the correlations presented are a function of the Lockhart 705 
and Martinelli parameter. 706  The pertinent literature presents numerous correlations for the prediction of the two-707 
phase frictional pressure drop with air-water bubbly flow. The majority of 708 
investigations have correlated their data using the original or modified Lockhart and 709 
Martinelli correlation for straight tubes, whilst other authors presented their own 710 
empirical correlations. The early investigations reported the two-phase pressure drop to 711 
be independent of the coil design parameters such as the curvature ratio and the helix 712 
angle, whilst more recent studies have suggested a marginal impact on the two-phase 713 
pressure drop by the latter parameters. The frictional pressure drop as a function of the 714 
air volumetric void fraction remains indeterminate due to conflicting results.  715  Few correlations are available to calculate the frictional pressure drop with nanofluids. 716 
The majority of experimental and numerical investigations on nanofluids flowing in 717 
helically coiled tubes have reported a significant increment (up to 3.5 times) in the 718 
frictional two-phase pressure drop over that of pure water in straight tubes. Such 719 
conclusions were mainly attributed to the higher relative mixtures and densities as well 720 
as the secondary flow formed in curved tubes. Due to the dominance of the viscosity 721 
effects at low fluid velocities, the impact of the nanoparticle concentration on the two-722 
phase frictional pressure drop is stronger at higher Reynolds numbers. The frictional 723 
pressure drop was also reported to be a function of the curvature ratio and the coil 724 
orientation with marginally larger pressure drops for horizontal coils. Controversy 725 
surrounds the impact of nanofluids on the frictional pressure drop, where some 726 
investigations reported a decrease in the resultant pressure drop while other studies 727 
reported the pressure drop to be quasi-identical to that with pure water in coiled tubes.  728 
 729 
This paper has also outlined areas for further research, principally in the fields of air-water and 730 
nanofluids two-phase flows and three-phase air-water-nanoparticles flow. Such studies could 731 
take the form of fundamental research as well as industrial research and development initiatives 732 
with the aim of enhancing the system efficiencies through the reduction of the two-phase 733 
pressure drop.  734 
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 741 
Notation List 742 
 743 
A Heat transfer area (m2) 744 
b Bubble diameter (m) 745 
bf Base fluid (-) 746 
cp Specific heat (J/kgK) 747 
C Constant depending on the flow condition of the vapour and liquid i.e. 5 for laminar 748 
and 20 for turbulent flows (-) 749 
CS Stratified speed of sound (m/h) 750 
d Tube diameter (m) 751 
D Helix diameter (m) 752 
De Dean number (-) 753 
Di Diameter of nanoparticle (m) 754 
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E Corrugation depth (m) 755 
f Friction factor (-) 756 
Fr Froude number (-) 757 
FB Body forces (N) 758 
g Acceleration due to gravity (m/s) 759 
G Mass flux (kg/m2s) 760 
h* Mean heat transfer coefficient after applying enhancement techniques (Nanoparticles 761 
and helical coils) (W/m2K) 762 
hst Mean heat transfer coefficient inside a straight tube with base fluid only 763 
He Helical coil number (-) 764 
H Coil vertical height (m) 765 
HD Hydraulic diameter (m) 766 
ID Inner tube diameter (m) 767 
k Thermal conductivity (W/mK) 768 
L Length (m) 769 ݉̇ Mass flow rate (kg/s) 770 
M Molecular weight (mol/g) 771 
MC Mass concentration (kg/m3) 772 
N Number of bends (-) 773 
OD Outside tube diameter (m) 774 
p Pitch (m) 775 
P System pressure (-) 776 
Pr Prandtl number (-) 777 
PI Performance index (-) 778 
PR Pitch ratio (-) 779 
ΔP* Mean pressure drop after applying enhancement techniques (Nanoparticles and helical 780 
coils) (Pa) 781 
ΔPst Mean pressure drop inside a straight tube with base fluid only (Pa) 782 
ΔPTP Two-phase frictional pressure drop (Pa) 783 
q Heat flux (kW/m2) 784 
Q Heating power (kW) 785 
rd Radius of nanoparticle (m) 786 
Re Reynolds number (-) 787 
RA Adjusted correlation coefficient (-) 788 
RE Average relative error (%) 789 
RMS Root mean square (-) 790 
S Slip ratio (-) 791 
SF Shape factors (-) 792 
T Temperature (0C) 793 
U Superficial velocity (m/s) 794 
v Specific volume (m3/kg) 795 
vf Volume flow rate (m3/s) 796 
V Flow velocity (m/s) 797 
VC Volume concentration (-) 798 
VF Void fraction (-) 799 
WC Mass concentration as fraction (-) 800 
x Steam quality (-) 801 
z Vertical elevation (m) 802 
 803 
 804
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Greek symbols  805 
 806 
ȕ Helix angle (o) 807 
Ȗ Friction factor multiplier (-) 808 
į  Curvature ratio: Internal tube radius di/mean coil radius D (-) 809 
İ Volumetric quality, liquid volume flow rate to total volume flow rate (-) 810 
η Performance index (-) 811 
κ Boltzmann constant (J/K) 812 
μ Dynamic viscosity (Pa/s) 813 
ρ Density (kg/m3) 814 
ı Surface tension (N/m) 815 
Ĳ Sheer stress (N/m2) 816 
ϕd Dissipation term (m2/s3) 817 
ϕl Two-phase multiplier (-) 818 
Ȥ Lockhart-Martinelli parameter (-)  ߯ = ቀଵ−௫௫ ቁ଴.ଽ ቀఘ೒ఘ� ቁ଴.ହ (���೒)଴.ଵ 819 ȥ The unevenness correction factor (-) 820 
 821 
Subscripts 822 
 823 
Acc Acceleration 824 
bf Base fluid 825 
c Coil 826 
crit Critical 827 
eff Effective 828 
f Frictional 829 
g Gas properties/flow 830 
grav Gravity 831 
g,tt Gas phase turbulent flow 832 
it Inner tube 833 
l Liquid properties/flow 834 
l,tt Liquid phase turbulent flow 835 
m Mixture  836 
n nth 837 
nf Nanofluid 838 
np Nanoparticle 839 
NS No slip conditions 840 
o Oil 841 
ot Outer tube 842 
ref Refrigerant side 843 
s Straight tube 844 
sat  Saturation conditions 845 
st Single-phase conditions 846 
TP Two-phase conditions 847 
tt Turbulent liquid and vapour flow  848 
v Vapour 849 
v,tt Vapour phase turbulent flow 850 
wt Water  851 
 852 
 853 
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